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The effects of passive, inertia-induced surface deformation at the leading and trailing edges

of an oscillating airfoil energy harvester are investigated experimentally at reduced fre-

quencies of k = f c/U∞ = 0.10, 0.14 and 0.18. Wind tunnel experiments are conducted

using phase-resolved, two-component particle image velocimetry to understand the un-

derlying flow physics, as well as to obtain force and pitching moment estimates using

the vortex-impulse theory. Results are obtained for leading and trailing edge deformation

separately. It is shown that both forms of deformation may alter the leading edge vortex

inception and detachment time scales, as well as the growth rate of the circulation. In addi-

tion, surface deformation may also trigger the generation of secondary vortical structures,

and suppress the formation of trailing edge vortices. The total energy harvesting efficiency

is decomposed into contributions of heaving and pitching motions. Relative to the rigid

airfoil, the deforming leading and trailing edge segments are shown to increase the energy

harvesting efficiency by approximately 17% and 25%, respectively. However, both the

deforming leading and trailing edge airfoils operate most efficiently at k = 0.18, whereas

the peak efficiency of the rigid airfoil occurs at k = 0.14. It is shown that the deforming

leading and trailing edge airfoils enhance the heaving contribution to the total efficiency at

k = 0.18 and the negative contribution of the pitching motion at high reduced frequencies

can be alleviated by using a deforming trailing edge.
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I. INTRODUCTION

The escalating demand for reducing dependence on fossil fuels has provided significant moti-

vation toward the development of alternative and clean energy harvesting devices. One attractive

energy resource is the wind, where typically rotational-based turbines are used to extract the ki-

netic energy of the flow. However, these traditional turbines possess several undesired economical

as well as environmental impacts1. An alternative energy harvesting system that provides several

advantages to more conventional rotating-based turbines is the oscillating airfoil energy harvester.

These systems rely on the use of combined heaving and pitching airfoils to harvest energy at effi-

ciencies ranging from 20% to 40%2–5. While these oscillatory-based devices have certainly been

shown to be quite promising, there is potential for improved efficiency6.

The concept of extracting flow energy using oscillating airfoils is inspired by the unsteady

flapping flight of insects and birds7–10. The flapping/oscillating motion of these natural fliers

induce large-scale unsteady flow separation that causes significant deviations from the well-known

static aerodynamic lift curve, in a process known as dynamic stall. During dynamic stall, flow

separates at the leading edge of the airfoil surface and subsequently rolls into leading edge vortices

(LEVs). Polhamus11 has shown that LEVs are beneficial to lift generation by producing a region

of low pressure on the suction side of the airfoil, resulting in a strong suction force, as long as the

LEV remains attached to the airfoil surface. Unlike rotary turbines where flow around the blades

must be attached to the airfoil surface to achieve high efficiency, oscillating energy harvesters

exploit the unsteady flow separation and LEV formation to attain high efficiency. Although the

role of LEVs in forward flapping flight efficiency (i.e. thrust producing systems such as birds) is

well documented12,13, their effects on energy harvesting devices, which tend to operate in different

flow regimes, are yet to be thoroughly explored.

The oscillatory/flapping motion of an airfoil operating in the energy harvesting regime is typ-

ically modeled as combined sinusoidal heaving and pitching motion. Then, the instantaneous

power output of a heaving and pitching airfoil can be expressed as:

P = Fyḣ+Mzθ̇ (1)

where Fy is the vertical force (i.e. perpendicular to the free stream flow), Mz is the aerodynamic

moment about the pitching center of the airfoil, ḣ is the heaving velocity and θ̇ is the pitching ve-

locity. The vast majority of published studies on oscillating energy harvesters focused on optimiz-

ing the motion kinematics, mostly using numerical simulations2,3,5,14,15 with fewer experimental
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studies16–18. These results show that energy harvesting efficiency is maximized when the airfoil is

oscillating at pitching amplitudes of 60◦-80◦, heaving amplitudes of 0.5c-1.0c (c is airfoil chord

length) and reduced frequencies (k = f c/U∞, where f is oscillation frequency and U∞ is the free

stream velocity) of 0.12-0.16.

It can be seen from Eq. (1) that there are two main factors influencing the power output: (i)

the magnitude of the force Fy and pitching moment Mz and (ii) the correlation between Fy and

ḣ as well as between Mz and θ̇ . Several studies have been conducted in the past few years that

investigate different mechanisms that enhance both the peak force and moment, as well as the

correlation between the aerodynamic forces and airfoil motion19–22. One prominent mechanism

is the use of structurally deforming airfoils. Previous studies on insect wings as well as micro-

air-vehicles suggest that deformation near the trailing edge leads to the generation of higher thrust

and lift forces23–26. Airfoil surface deformation can either be controlled or passive. In controlled

surface flexibility, the deformation of the surface is prescribed and the effects of airfoil inertia and

the fluid-structure interactions are neglected. Hoke et al.27 used a two-dimensional (2D) laminar

simulation with prescribed camber deformation to show that the energy harvesting efficiency is

increased by 15.8% relative to a fully rigid airfoil. When the camber deformation is prescribed

correctly, the timing of LEV formation and hence the correlation between the forces and airfoil

motion is enhanced. Furthermore, Liu et al.28 numerically modeled 2D oscillating airfoil energy

harvesters with deforming leading and trailing edges. The motion of the deforming leading and

trailing edges was predetermined based on a priori structural analysis. They show that airfoils

with a deforming trailing edge enhance the strength of the LEV and resultant peak force magni-

tudes, whereas deformation at the leading edge controls the timing of LEV formation, and thus

the correlation between the aerodynamic forces and airfoil motion. Interestingly, both leading and

trailing edge controls shifted the peak efficiency to higher reduced frequencies compared to a rigid

airfoil.

Passive surface deformation can be divided into two categories: (i) inertia-induced deformation

and (ii) flow-induced deformation. Flow-induced deformation occurs when the airfoil density is

comparable with the density of the surrounding fluid. Tian et al.29 conducted a numerical model

based on the immersed boundary method to compare the effects of passive deformation with con-

trolled and rigid airfoils. Their results show that passive, flow-induced surface deformation at the

leading edge improved the energy harvesting performance by only 1%, whereas controlled leading

edge deformation increased the efficiency by 11.3% compared to a rigid airfoil. With controlled
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deformation, the leading edge segment was set to deform such that it produced a smaller effective

angle of attack compared to a rigid airfoil, which was shown to slow down the formation and de-

tachment of the LEV. Consequently, the flapping airfoil takes advantage of the LEV presence for a

longer period of time during the oscillation cycle. Conversely, passive deformation of the leading

edge segment was shown to be very small, and as a result, it had minimal impact on the energy

harvesting efficiency. Moreover, Liu et al.30 studied the effects of passive trailing edge segment

deformation on the performance. They determined that with appropriate structure-to-fluid density

and natural frequency of the trailing edge segment, the efficiency is enhanced by 7.24%. The de-

forming trailing edge creates a camber that enhances the pressure difference between the upper

and lower surfaces of the airfoil. The influence of inertia-induced deformation of the leading edge

on the performance was investigated experimentally by Totpal et al.17 at reduced frequencies of

0.04-0.08. While their results show that leading edge deformation reduces the energy harvesting

efficiency by 10% relative to a rigid airfoil at k = 0.08, the negative effects of the deformation were

shown to subside as k is increased from k = 0.04 to 0.08. It remains unknown whether at larger

reduced frequencies, the effects of inertia-induced leading edge deformation become beneficial.

In this paper, we conduct wind-tunnel testing and particle image velocimetry (PIV) measure-

ments to investigate the feasibility of using inertia-induced deformation at the leading and trailing

edges of the airfoil in the range of k = 0.10 - 0.18. To the best of our knowledge, there exists

no experimental data that validate the feasibility of using deforming airfoil surface in the range

of reduced frequencies relevant to optimal energy harvesting performance. We are specifically

interested in seeing whether the negative effects of inertia-induced deformation subside, and even

become favorable at the optimal reduced frequency range. Due to the difficulty of directly mea-

suring the aerodynamic forces in a highly unsteady airfoil motion in wind tunnels, we use the

vortex-impulse theory31 to estimate both the force and moment to calculate power output. We

have previously used the vortex-impulse theory with success to estimate the aerodynamic forces

and energy harvesting performance using velocity data obtained from PIV18,32. Our objective is

to first understand the underlying flow physics associated with deforming surfaces, and then to

quantify and compare the power output and energy harvesting efficiency of the deforming leading

and trailing edge airfoils with a fully rigid one.

The rest of the paper is organized as follows. In section II, the experimental and data analysis

techniques are described. In section III, we compare the effects of deforming the leading and

trailing edges with a fully rigid airfoil on the vorticity field, LEV evolution and energy harvesting
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FIG. 1. (a) Drawing of the experimental setup illustrating the wind tunnel, motion device and PIV arrange-

ment and (b) zoomed-in view of the motion device. Figures are adopted from33 .

efficiency. In section IV, conclusions and implications of this work are provided.

II. METHODOLOGY

A. Experimental techniques

Fig. 1 shows the experimental setup in the wind tunnel and a zoomed-in view of the motion

device used to achieve the airfoil motion. The wind tunnel is located at Oregon State University,

and is a closed loop with a test section size of 1.37 m x 1.52 m with turbulence intensities below

2%. In addition, stationary end plates were placed approximately 2 mm from the airfoil tips to

mimic quasi two-dimensional flow. The motion device consists of a scotch-yoke mechanism to

generate the heaving motion and a combination of scotch-yoke and rack-and-pinion mechanisms

to generate the pitching motion, according to the following:

h = h0cos(2π f t) (2)

θ = θ0cos(2π f t +Φ) (3)

where h0 is the heaving amplitude, θ0 is the pitching amplitude and Φ is the phase-shift between

heaving and pitching. The motion device was controlled using a LabVIEW program. The reduced
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FIG. 2. (a) Top view of the airfoil and (b) detailed view of the airfoil LE/TE hinge mechanism.

frequency was varied by changing the free stream velocity while keeping the oscillation frequency

fixed at 1.4 Hz. The Reynolds numbers (Re = U∞c/ν , where ν is the kinematic viscosity) used

in this study are 14189, 10135 and 7883 for k = 0.10, 0.14 and 0.18, respectively. The effect

of Reynolds number at this low range has been found to have minimal impact on the energy

harvesting performance34.

The airfoil used in this study was manufactured in-house using fused deposition modeling and

has a chord length, thickness and aspect ratio of 125 mm, 6.25 mm and 2, respectively. The

airfoil leading and trailing tips are elliptical with 5:1 major to minor axis ratio. It consists of four

acrylonitrile butadiene styrene (ABS) pieces and a machined titanium that is the three quarters the

length of the airfoil span. The titanium rod provides structural support along the airfoil span to

reduce span-wise flexibility. Two of the ABS pieces are attached to the titanium rod using pressed

inserts to form the main body section of the airfoil. The remaining two ABS pieces consist of

leading edge (LE) and trailing edge (TE) segments, each with a length of c/3. These segments are

configurable to either rigidly attach to the airfoil main body, or serve as passively-actuated edges

mimicking simplified surface deformation. The passive deformation of the LE or TE (LE/TE) was

established by inserting a torsion rod into slots along both the main body and LE/TE, forming a

hinge. The rod was secured at one end of the body and the other end to the LE/TE, providing

a means to allow rotation of the LE/TE. A schematic of the airfoil and the hinge mechanism is

shown in Fig. 2. Note that in this study, the flexible TE and LE configurations are investigated

separately.

Two-component PIV measurements were obtained at the airfoil mid-span using a dual-head

Nd:YAG pulsed laser (EverGreen, 145 mJ/pulse, max repetition rate of 15 Hz). A light sheet of

approximately 1.5 mm thickness was generated at the mid-span of the airfoil using a LaVision
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optics module. The wind tunnel was seeded with vegetable oil particles, which were generated

using an in-house built Laskin Nozzle. Particle images were collected using a CCD camera (Image

Pro, LaVision) with a resolution of 1600 × 1200 pixels. PIV images were processed with DaVis

v8.4 software. The velocity fields were calculated using two passes of interrogation window size

of 64 × 64 pixels, followed by two more passes of interrogation window size of 32 × 32 pixels,

with an overlap of 50%. The time between the image pair was set such that an average of 8

pixel displacement per interrogation window was achieved in the streamwise direction. Velocity

vectors were validated using a minimum correlation peak ratio of 1.2 as well as a moving-average

validation scheme, where each velocity vector was replaced by the average of its neighbors if the

difference between that velocity vector and its neighbors is greater than two standard deviations of

the neighboring vectors. Overall, the percentage of velocity outliers was found to be approximately

2% of the entire velocity field. The velocity measurement uncertainty has been estimated using

the correlation statistics technique35. The maximum uncertainty of the streamwise and cross-

stream velocity components were found to be 3.5% and 5.8% of their respective maximum values.

The velocity errors are then propagated to determine the uncertainty in vorticity and aerodynamic

loadings. Detailed analysis of the propagation method can be found in36

A total of 126 phases during the downstroke motion with a sampling time of ∆t/T = 0.004

were acquired. For each phase, one hundred images were acquired to calculate the phase-averaged

velocity fields. The PIV system and airfoil motion were synchronized using LabVIEW. In order

to obtain velocity data in the shadow region caused by the presence of the airfoil, the experiments

were repeated at a phase delay of 180◦ for each phase of interest. The 180◦ out of phase flow

fields were then mirrored and stitched to the rest of the vector field to construct the full flow

field surrounding the airfoil. This can be done because the flow, airfoil shape and motion are all

symmetric. Additionally, a second camera was used to capture the flow field in the downstream

region. The two cameras were overlapped by 14 vectors and the overlapped region was smoothed

with a 3×3 moving-average filter.

B. Vortex-impulse theory: force and moment estimation

As previously mentioned, direct force and moment measurements of highly unsteady airfoils

operating with large amplitudes of motion in wind tunnels are often not feasible. The difficulty is

due to the airfoil inertial forces being in the same order of magnitude as the aerodynamic forces
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FIG. 3. Control volume used for impulse-based force and moment calculation.

or larger for reduced frequencies relevant to energy harvesting applications33. Since flow over

oscillating airfoils operating in high amplitudes of motion is dominated by large scale vortical

structures, it is then ideal to describe the aerodynamic loadings based on the dynamics of these

vortical structures. In fact, the vorticity/circulation of these vortical structures indirectly represent

the momentum imparted by the moving airfoil to the fluid. Wu37 and Lighthill38 have indepen-

dently shown that forces generated by an airfoil can be obtained by taking the time-derivative of

the vortex impulse, PF, which, in two-dimensional flows, is defined as:

PF =
∫

x×ωdA (4)

where x is the position vector and A is the area occupied by the fluid. Lighthill explains that this

expression is related to the total impulse (in the classical mechanics sense) required to establish a

vorticity field, ω, from rest. For two-dimensional flows, Siala and Liburdy32 have shown that the

total force acting on the airfoil in a finite control volume can be written as:

F =−ρ
dPF
dt

+ρ

∮
S

n ·
(1

2
[u ·u]I−uu

)
dS (5)

where I is the identity tensor, n is the normal vector pointing away from the fluid and S is the ex-

ternal surface of the control volume. The second term of Eq. (5) represents the effects of vorticity

shed in the far wake on the forces. For suddenly-accelerated bodies from rest where all the vortic-

ity is captured in the control volume, this term can be shown to equal zero39. The finite-domain

impulse equation originally derived by Noca40 contains other additional terms. However, Siala and

Liburdy32 have shown that by selecting an origin location of the position vector located anywhere
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along y-axis of the downstream control volume boundary (see Fig. 3), these additional terms that

are included in Noca’s equation become negligible, thus significantly simplifying the force equa-

tion to the expression given in Eq. (5). This can be done because the force equation is theoretically

independent of the origin location. Experimentally, however, it is well known that errors in force

calculation can be significantly amplified by the origin location40. We have determined in our pre-

vious study that the error associated with the origin location can be significantly reduced by setting

the origin location at the downstream boundary, located at least one chord length from the trailing

edge32. For a thorough discussion on practical considerations of the impulse-based force method,

refer to the studies conducted by DeVoria et al.41 and Siala and Liburdy32. Moreover, because the

experiments are conducted in air, the added-mass of the airfoil is determined to be very small and

therefore neglected in Eq. (5). Validation of the force estimation based on the impulse method is

provided in32.

Similarly, the vortex impulse associated with the aerodynamic moment, PM, can be defined as:

PM =
1
2

∫
(x ·x)ωdA (6)

The aerodynamic moment can then be shown to be written as18,31:

M = ρ
dPM

dt
−ρ

∫
x× (u×ω)dA−ρ

1
2

∮
(x ·x)n× (u×ω)dS (7)

Since we are interested in the moment about the pitching center of the airfoil, we fixed the origin

location at the pitching axis of the airfoil, which is located at the mid-chord. The maximum

uncertainty of the instantaneous force and moment were found to be 10.6% and 13.2% of the peak

force and moment, respectively.

C. Pressure calculation from PIV data

In many cases, the mechanisms of force and moment production can be illuminated by visual-

izing the pressure field. To do this, we use the algorithm described by Dabiri et al.42 to calculate

the pressure field from phase-averaged velocity data. Briefly, the algorithm is used to perform a

direct integration of the pressure gradient term in the Navier-Stokes equations along eight paths

through each point in the flow field. The starting point of all eight integration paths is located at

the control volume boundary. The median of the pressure value obtained from all eight integration

paths is then used to estimate the pressure at each point in the field. Although the pressure fields
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FIG. 4. (a) Vorticity field and streamlines and (b) pressure field and streamlines for k = 0.10 at the mid-

downstroke. (c) Wall-normal profile of the vorticity and pressure through the LEV center. The blue circles

represent the vorticity and the red squares represent the pressure.

obtained using this method are not sufficiently accurate for force evaluation in our current exper-

imental setup, we present the pressure fields for qualitative purposes, to provide more insight in

interpretation of the results. The pressure field is qualitatively validated in Fig. 4. In Fig. 4(a)

and 4(b), the non-dimensional vorticity and pressure fields, along with the flow streamlines, are

shown for k = 0.10 for the rigid airfoil case. It is shown that the pressure and vorticity fields are

well correlated, with the pressure minima and maxima being generated in the LEV core and on

the upper surface of the airfoil (stagnation point), respectively. The wall-normal profiles of the

vorticity and pressure are shown in Fig. 4(c). The wall-normal distance, yn/c, is equal to zero at

the airfoil surface. The profile is drawn through the LEV center, which is detected by the max-

imum vorticity value. As expected, the peak vorticity and pressure are shown to correlate very

well. Going away from the surface, the pressure slowly approaches free stream pressure and the

vorticity decays rapidly to ωzc/U∞ = 0

III. RESULTS

In this section, we present results for rigid, flexible LE and flexible TE airfoils operating at

reduced frequencies, k, of 0.10, 0.14 and 0.18, while holding the heaving amplitude, pitching

amplitude, phase shift and pitching axis fixed at h0/c = 0.6, θ0 = 75◦, Φ = 90◦ and xp/c = 0
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FIG. 5. Leading and trailing edge deformation angle relative to the airfoil chord as a function of time during

the downstroke motion. The heaving motion, h, is also shown for reference. Positive angles indicate that

the LE/TE are deformed counter-clockwise relative to the airfoil main body.

(mid-chord). Due to the symmetry of the problem, the results are only provided for the downstroke

motion of the airfoil.

A. Leading and trailing edge deformation motion

Before analyzing their effects on the flow physics, it is important to report the motion of the

passive deformation of the leading and trailing edges during the oscillation cycle. Key parameters

that determine the degree of deformation are the torsion spring natural frequency and the linear

density of the LE/TE. The natural frequency can be defined as fN = 1/2π
√

τ/Im, where τ is the

spring constant and Im is the moment of inertia about the hinge. The torsion spring constant was

calculated by attaching a known mass to the LE/TE while the wing was static. Images of the

downward deflection were recorded and used to calculate the angle of deflection, θLE/T E . The

torsion spring constant is calculated using τ = T
θLE/T E

, where T is the torque applied to the LE/TE.

Following Liu et al.30, the natural frequency of the deforming LE/TE is non-dimensionalized

as f ∗N = fNc/U∞, to obtain f ∗N of 0.6, 0.85 and 1.1 for k of 0.10, 0.14 and 0.18, respectively.

Furthermore, the linear density of the LE/TE segments, ρl = sρLE/T E (where s is airfoil thickness

and ρLE/T E is the density of the LE/TE) is normalized by the fluid density ρ and airfoil chord

length c to obtain the structure-to-fluid density ratio µ = ρl/cρ . The structure-to-fluid density

used in this study is µ = 27.3, which is significantly higher than the values of µ = 0.03-0.6 used
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by Liu et al.30. A large value of the structure-to-fluid density is used in this study to reduce the

effects of the flow on deformation and enhance the magnitude of the inertia-based deformation of

the LE/TE.

In Fig. 5, the deformation angle of the leading and trailing edges are shown in degrees as a

function of time during the downstroke motion of the airfoil. Positive angles indicate that the

LE/TE are deflected counter-clockwise relative to the airfoil main body. It can be seen that there

is an approximately 90◦ phase-lag between the motion of the LE and TE. The peak positive angle

of deformation of the LE occurs approximately during the mid-downstroke, whereas the positive

peak deformation angle of the TE occurs as the airfoil undergoes motion reversal at the beginning

of the downstroke. Measurement of the deformation angle was conducted with and without free

stream flow, and the results were found to be essentially identical. Since we are varying the reduced

frequency by changing only the free stream velocity while keeping the oscillation frequency fixed,

the deformation angles are the same for k = 0.10-0.18. Furthermore, the geometric effective angle

of attack induced by the deformation of the leading and trailing edges can be defined as follows:

αe,LE/T E = θ +βLE/T E (8)

where βLE/T E is the interior angle measured from the lines from the leading edge to the trailing

edge tips and along the chord of the main airfoil body, as shown in Fig. 6(a). In Fig. 6(b), the angle

of attack (AoA) induced by the leading and trailing edges, as well as the pitching angle are shown
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during the downstroke. As can be clearly seen, the deformation of the leading edge enhances the

AoA compared to a rigid airfoil (whose geometric AoA is simply equal to θ ), throughout most

of the downstroke. On the other hand, the deforming trailing edge case is shown to enhance the

the AoA up until t/T ≈ 0.3. For t/T > 0.3, the motion of the trailing edge segment is reversed,

resulting in a smaller AoA compared to the rigid airfoil.

B. Vorticity field characterization

The vorticity field was calculated from velocity using a central difference scheme. The average

uncertainty was found to be approximately 4.7% of the maximum vorticity36. Snapshots of the

vorticity field evolution for the rigid, flexible LE and flexible TE airfoils operating at k = 0.10 are

shown in Fig. 7. As the airfoil begins its downstroke motion, the flow on the upper surface of the

airfoil is still not fully attached due to the flow separation that occurred during the upstroke motion.

As time progresses, the flow eventually begins to attach on the upper surface and separates at the

leading edge of the bottom surface to form a counter-clockwise rotating LEV. At t/T = 0.15, it can

be seen that the LEV generated by the flexible LE and TE airfoils is slightly larger than the LEV

of the rigid airfoil. At t/T = 0.25, the LEV is shown to be lifted-off from the lower airfoil surface

for all three cases, while the trailing edge vorticity continues to shed into the wake. The trailing

edge vortex sheet sheds in a similar manner for the rigid and flexible LE cases, whereas for the

flexible TE case the vorticity is shown to have a more pronounced curved trajectory. Furthermore,

the LEV size keeps increasing as long as the leading edge shear layer keeps feeding the LEV

with vorticity. Eventually, the shear layer strength begins to decay and it disconnects from the

LEV. At t/T = 0.35, the shear layer of the flexible TE airfoil begins to roll into discrete small-

scale vortex structures in the from of a Kelvin-Helmholtz-like instability, whereas for the rigid and

flexible LE cases the shear layer vorticity appears to be confined in a more continuous vortex sheet.

As the airfoil approaches the end of the downstroke at t/T = 0.45, the shear layer is shown to be

completely disconnected from the LEV for both the rigid and flexible TE cases, whereas it appears

to remain loosely connected to the LEV in the flexible LE case. Moreover, as the LEV convects

downstream past the airfoil trailing edge, it causes the trailing edge shear layer to form into a large

distinct trailing edge vortex (TEV). Several studies have described this process as a bluff-body like

vortex shedding, where the flow from the upper surface of the airfoil and LEV forms a saddle point

near the trailing edge, which forces the trailing shear layer to roll into a TEV43–45. On the other
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FIG. 7. Non-dimensional vorticity field at k = 0.10 for the rigid (top row), flexible LE (middle row) and

flexible TE (bottom row) airfoils during the downstroke motion.

hand, the TEV formation is significantly suppressed by the flexible TE airfoil. At t/T ≈ 0.35, the

trailing edge segment begins to deform clockwise relative to the airfoil main body (see Fig. 5) and

it becomes almost parallel with the streamwise flow at t/T = 0.45. As a result, the flow leaving

the trailing edge from the upper surface tends to be more aligned with the streamwise flow, thus

significantly reducing the velocity gradient near the airfoil trailing edge.

In Fig. 8, the vorticity evolution for k = 0.14 for all three cases is shown. The evolution process

of the LEV remains the same as for k = 0.10, with few noticeable differences as described here.

Firstly, as the airfoil downstroke begins, significant negative vorticity remains in close proximity to

the airfoil. This is associated with the LEV generated from the upstroke motion. With increasing

reduced frequency, the flow convection time scale increases relative to the time scale of airfoil mo-

tion, and therefore the airfoil captures the LEV during motion reversal before the LEV completely

14



𝑡/𝑇 = 0.05 𝑡/𝑇 = 0.15 𝑡/𝑇 = 0.25 𝑡/𝑇 = 0.35 𝑡/𝑇 = 0.45

−10 −6 2−2 106

𝜔/𝑐/𝑈2

FIG. 8. Non-dimensional vorticity and velocity fields at k = 0.14 for rigid (top row), flexible LE (middle

row) and flexible TE (bottom row) airfoils during the downstroke motion. Note that only every other velocity

vector is shown.

convects into the wake. Secondly, the inception time of the LEV is delayed to later in the cycle

at higher reduced frequencies. Furthermore, at t/T = 0.25, the LEV is shown to remain attached

to the airfoil surface, compared with the earlier detachment for k = 0.10. The LEV generated by

the flexible LE case is also shown to be slightly larger than the LEV of the rigid and flexible TE

case. Compared to k = 0.10, the LEV of the flexible TE case grows at a slightly slower rate due

to the decrease in the deformation angle of the TE at this instant, as shown in Fig. 6(b). As time

progresses, the LEV size remains fairly constant for the rigid and flexible TE cases at t/T > 0.35,

whereas it keeps growing until t/T = 0.45 for the flexible LE case. As the airfoil approaches the

end of the downstroke, the LEV begins to convect past the airfoil trailing edge, however no TEV

formation is observed. This is because by the time the LEV approaches the airfoil trailing edge,
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FIG. 9. Zoomed-in view of the streamwise velocity contours and streamlines at k = 0.14 and t/T = 0.45

for (a) rigid, (b) flexible LE and (c) flexible TE airfoils.

the angle of attack of the airfoil is quite small, such that the trailing edge shear layer is not strong

enough to roll into a distinct TEV structure. At k = 0.14, the vortex shedding in the wake switches

from 2P to 2S, where the former represents two pairs of vortical structures (LEV and TEV) shed

per oscillation cycle, and the latter represents two single vortices shed per oscillation cycle (one

LEV per half cycle)46. Lastly at t/T = 0.45, it can be seen in the flexible TE case that there is

a clockwise rotating vortex entrapped between the airfoil and the LEV. Because the TE segment

is almost aligned with the streamwise flow, the flow from the upper surface of the airfoil loses a

significant amount of its streamwise momentum as it turns around the trailing edge. In fact, much

of the flow reversal around the trailing edge for the flexible TE case is caused by flow entrainment

of the LEV. The evidence for this is supported by Fig. 9 where the streamwise velocity contours

are shown for the three different cases at t/T = 0.45. As the relatively slow moving flow reversal

travels upstream toward the airfoil leading edge, it eventually interacts with the separated leading

edge shear layer to form a saddle-point. At the saddle point, the flow traveling upstream from the

trailing edge bifurcates and it either gets entrained by the shear layer or it travels upstream and

upward toward the airfoil surface. Since flow reversal of the flexible TE case has relatively small

streamwise momentum and therefore cannot travel upstream for long, it eventually begins to roll

to form a clockwise rotating secondary vortex.
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FIG. 10. Estimate of the LEV inception time (normalized by oscillation period) versus reduced frequency

for the rigid, flexible LE and flexible TE airfoils.

C. Inception of the leading edge vortex

We have briefly mentioned above that increasing the reduced frequency delays the incep-

tion/formation of the LEV. The mechanism leading to LEV inception occurs at the boundary-layer

scale, which we cannot resolve using the current experimental set-up. However we can approxi-

mate the time scale of the inception visually, by noting the time at which a small vorticity bubble

begins to form on the airfoil. Fig. 10 shows the approximated LEV inception time scale, tinc (nor-

malized by the oscillation period), versus reduced frequency for the rigid, flexible LE and flexible

TE airfoils. As can be clearly seen, the inception time seems to be approximately linearly increas-

ing with k, where the deforming leading and trailing edge airfoils slightly reduce the inception

time of the LEV. This delay in LEV inception is actually a result of the decrease in vorticity flux

at the airfoil surface with increasing k. The vorticity flux from the airfoil surface is proportional

to the shear layer velocity near the airfoil leading edge, USL
47. The rate of vorticity/circulation

growth of the LEV can be approximated as48:

dΓLEV

dt
=−1

2
U2

SL (9)

where ΓLEV is the LEV circulation. We can approximate the shear layer velocity as the vector

sum of the local velocity of the leading edge and the component of the free stream velocity in the

direction of airfoil motion:

USL ≈U∞sin(θ)− ḣcos(θ)− θ̇c
2

(10)

In Fig. 11(a), the flow velocity at the leading edge normalized by the maximum airfoil tip velocity

is shown for k = 0.10, 0.14 and 0.18. As can be clearly seen, the shear layer velocity decreases with
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FIG. 11. (a) Normalized shear layer velocity at the leading edge for k = 0.10-0.18. The solid lines represent

the velocity of the rigid airfoil and the dashed lines represent velocity of the flexible LE airfoil. (b) Sketch

of the velocity vectors used to approximate USL

increasing k. Consequently, the smaller vorticity flux at higher k values delays the LEV inception

time. It is also interesting to point out that the LEV inception time scale shown in Fig. 10 coincides

with the time at which the non-dimensional leading edge velocity is approximately equal to 0.5 for

all the reduced frequencies that we test. Furthermore, we can also approximate the leading edge

tip velocity for the flexible LE airfoil, USLFlexible , as follows:

USLFlexible ≈U∞sin(θ)− ḣcos(θ)− θ̇c
2
− cα̇LE

3
(11)

where the additional term, cα̇LE/3, represents the leading edge tip velocity. The approximate

shear layer velocity of the flexible LE airfoil is also shown in Fig. 11(a) (dashed lines). We

can see that the motion of the deforming leading edge segment slightly increases the shear layer

velocity during the first half of the down-stroke. Interestingly, the timing of the non-dimensional

velocity USL/Umax
tip ≈−0.5 also coincides with the timing of the LEV inception for the flexible LE.

Note that while the flexible TE has a rigid leading edge, its LEV inception time is also shown to

decrease relative to the rigid airfoil. We believe that this is associated with the enhanced effective

camber provided by the deformed trailing edge, which could accelerate the flow at the leading

edge to yield a larger USL than the rigid airfoil.

The implication of this discussion is that the non-dimensional shear layer velocity can be used

to approximate the inception time of the LEV, which may be of great importance in developing

potential flow-based models of oscillating airfoils undergoing dynamic stall49.
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D. Effects of surface deformation on leading edge vortex evolution

It is well known that the circulation generated by airfoils is a manifestation of the momentum

imparted to the flow field and therefore is directly related to the production of aerodynamic forces.

Here, we analyze the role of deforming LE and TE on the time-history of LEV circulation. To

determine the boundaries of LEVs, we use the γ2 method proposed by Graftieaux et al.50, which

is given by:

γ2(P) =
1

SA

∫
M∈SA

[PM× (UM−UP)] ·nz

||PM|| · ||UM−UP||
dSA (12)

where SA is the area of integration, P is any point in the flow field, M is any point within the

integration area, UP is the average velocity within the integration area, UM is the velocity of point

M in the integration area, PM is the distance between P and M and nz is the normal vector in the

z direction. The vortex boundary is given by |γ2|= 2/π . The LEV circulation, ΓLEV , can then be

computed by integrating the vorticity enclosed by the contour level of |γ2|= 2/π:

ΓLEV =
∫
|γ2|=2/π

ωzdA (13)

where ωz is the spanwise vorticity. As stated previously, it is not possible to determine the LEV

strength as soon as it initiates due to the inability to resolve the boundary-layer scale with the cur-

rent experimental setup, and therefore we only report the circulation once sufficient development

occurs for the γ2 method to capture the LEV. LEVs are then tracked until they begin to convect

downstream outside of the control volume. The LEV circulation, non-dimensionalized by the free

stream velocity and airfoil chord length, is shown in Fig. 12 for k = 0.10, 0.14 and 0.18. As the

LEV forms, it grows in strength as it entrains vorticity from the leading edge shear layer. There-

fore, the shear layer strength is a crucial parameter in determining the LEV circulation, as well

as the rate of circulation growth. It is shown for k = 0.10 that the LEV of the flexible LE airfoil

grows, on average, at a faster rate than the LEV of the rigid and flexible TE airfoils. This is at-

tributed to the stronger shear layer generated by the larger camber created by the deforming LE

segment. Furthermore, the LEV keeps increasing in strength until it is detached from the feeding

shear layer. Different mechanisms of LEV detachment in flapping airfoils have been proposed by

Widmann and Tropea44. In one of the mechanisms, which they refer to as bluff-body-like vortex

detachment, the flow reversal from TEVs that travels upstream towards the leading edge interacts

with the feeding shear layer to decrease its velocity, such that it no longer keeps up with the down-

stream convecting LEV. At k = 0.10, where TEVs do form, the LEV for both the rigid and flexible
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FIG. 12. Time-history of the non-dimensional LEV circulation for rigid, flexible LE and flexible TE airfoils

at (a) k = 0.10, (b) k = 0.14 and (c) k = 0.18. For clarity, only every other data point is shown.

LE keeps increasing in strength until it reaches a maximum value of approximately ΓLEV/cU∞ ≈ 4

at t/T ≈ 0.40. This time approximately coincides with the formation time of the TEV, which in-

dicates that bluff-body-like vortex detachment is the mechanism responsible of LEV detachment

from its shear layer for the rigid and flexible LE airfoils. On the other hand, the flexible TE airfoil

is shown to peak at t/T ≈ 0.35, at a much lower circulation value of ΓLEV/cU∞ ≈ 3. Because the

flexible TE case suppresses the formation of the TEV, there must be another mechanism that is

responsible for cutting-off the vorticity supply to the LEV. We suspect that the LEV is detached as

a result of the interaction of the boundary layer with the feeding shear layer, in a process known

as the boundary layer eruption44,51. In this process, the interaction of the LEV with the airfoil sur-

face induces an adverse pressure gradient in a local region inside the boundary layer. As a result,

the fluid elements in this region are compressed in the streamwise direction and consequently, a

thin fluid layer is squeezed up from the interior of the boundary layer that erupts the shear layer,

eventually cutting off the vorticity supply to the LEV. With the current experimental setup, we are

unable to resolve this mechanism since it occurs at the boundary layer scale. However, regardless

of the exact mechanism of LEV detachment, one can anticipate the onset of LEV detachment by

closely examining the behavior of the feeding shear layer. Shortly prior to detachment, a Kelvin-

Helmholtz-like (KH) instability in the shear layer is observed, where the shear layer begins to roll

into discrete vortical structures and eventually gets disconnected from the LEV. This process is

demonstrated in Fig. 13.

By increasing the reduced frequency to k = 0.14 (shown in Fig. 12(b)), the LEV circulation for

the flexible TE and rigid airfoils follow the same trend, where they both peak at ΓLEV/cU∞ ≈ 2
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FIG. 13. Detachment process of the LEV from its feeding shear layer at k = 0.10. (Top) Zoomed-in view

of vorticity field shortly prior to LEV detachment and (bottom) zoomed-in view of vorticity field after LEV

detachment.

at t/T ≈ 0.30. On the other hand, the flexible LE airfoil is shown to increase the LEV circulation

until t/T ≈ 0.45, with a maximum circulation of ΓLEV/cU∞ ≈ 3. We believe that this is again

related to the enhanced shear layer strength of the flexible LE airfoil. Future studies that include

high-resolution investigation of the shear layer velocity will be conducted to better understand

the shear-layer enhancement process. Finally in Fig. 12(c), the LEV circulation is shown for

k = 0.18. For all three cases, the time-history of LEV circulation is shown to follow a similar

trend to k = 0.14 (except for the flexible LE case), where surface deformation has no effect on

the circulation. For all cases, the LEV reaches a peak value of approximately ΓLEV/cU∞ ≈ 2 at

t/T ≈ 0.325. For completeness, the time scale of LEV detachment from its feeding shear layer

is plotted in Fig. 14 as a function of the reduced frequency. The detachment time scale, tdet , is

defined as the time at which the LEV circulation becomes constant.
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FIG. 14. Estimate of the LEV detachment time (normalized by oscillation period) versus reduced frequency

for the rigid, flexible LE and flexible TE airfoils.

E. Impulse-based force and moment evaluation

The vertical component of force coefficient (Cy = 2Fy/ρU2
∞c) and spanwise moment coefficient

(Cm = 2Mz/ρU2
∞c2) are shown in Fig. 15 for k = 0.10 and 0.14. The heaving and pitching velocities

of the airfoil are also shown. For k = 0.10, the flexible LE and TE airfoils are shown to increase

the peak force by 14.7% and 12.7% relative to the rigid airfoil, respectively. The peak moment

coefficient occurs slightly after the peak forces are produced. After its formation, the LEV remains

near the upstream portion of the airfoil, which results in generating a negative, counter-clockwise

pitching moment. The peak moment coefficient does not seem to be greatly influenced by the

airfoil deformation. The force and moment coefficients then begin to decrease as a result of the

LEV lifting-off from the airfoil surface. Even though the LEV strength and size are actually

increasing during this phase, its influence on the force and moment subsides as the low pressure

region that it creates moves away from the airfoil surface. To illustrate this effect, the pressure

field is provided in Fig. 16 for the rigid airfoil.

Furthermore, at approximately the mid-downstroke, the flexible TE airfoil is shown to produce

the largest force, followed by the flexible LE and then the rigid airfoils. After reaching a local

minima, both the force and moment coefficients begin to slightly increase. Siala and Liburdy32

have previously shown that this increase in the forces is associated with the advection of the LEV

along the airfoil chord. Shortly after the secondary peak, the force coefficient for the rigid and

flexible TE drops rapidly, eventually switching sign at t/T ≈ 0.40 (negative lift). On the other

hand, the drop in lift force is shown to delay to t/T ≈ 0.42 for the flexible TE airfoil. This is

because the flexible TE airfoil suppresses the formation of TEV, thereby delaying its negative
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FIG. 15. Vertical force and pitching moment coefficients for (a,b) k = 0.10 and (c,d) k = 0.14. The dotted

line represents the heaving and pitching velocities.

effects on the force coefficient. Moreover, the moment coefficients for the rigid and flexible LE

airfoils approach Cm≈ 0 towards the end of the cycle, whereas for the flexible TE case, the moment

coefficient remains relatively large and negative. Again, this is a result of the large TEV forming

and rolling on the lower surface of the trailing edge for the rigid and flexible LE case. The pressure

distribution for all three cases at t/T = 0.45 is shown in Fig. 17. For the rigid and flexible LE

airfoils, the low pressure region created by the rolled TEV seems to be well balanced by the

low pressure region on the upper surface of the airfoil, thus creating a relatively small pressure

differential across the two surfaces. Conversely, the low pressure region on the top surface of the

flexible TE airfoil is much lower than the pressure on the bottom surface. Since the low pressure

region is concentrated in the downstream half of the airfoil, a negative counter-clockwise moment

is generated.

As k is increased to 0.14, it can be seen that the peak force coefficient is delayed to slightly

before mid-downstroke for all three cases. Similar to k = 0.10, the peak force is shown to be

enhanced by the surface deformation, with the flexible TE airfoil generating a slightly larger peak
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FIG. 16. Zoomed-in view of the pressure contour and streamlines at k = 0.10 showing an attached and

detached LEV from the airfoil surface.

than the flexible LE airfoil. At this reduced frequency, the magnitude of peak force plays a much

larger role in power generation than for k = 0.10, since its timing is well correlated with the timing

of maximum heaving velocity. Furthermore, the effect of airfoil deformation remains minimal and

less obvious on the peak moment coefficient. It can be anticipated that the magnitude of peak

moment does not play an important role in power generation, since at this k value, it occurs when

the pitching velocity is quite small. Toward the end of the downstroke, it can be seen that the

flexible TE case generates a large negative moment relative to the rigid and flexible LE cases. This

can be explained by examining the pressure distribution around the airfoil in Fig. 18. As a result

of the secondary vortex that forms by the flexible TE airfoil near the leading edge, a low pressure

zone is created that results in a negative counter-clockwise moment about the pitching axis. This

low pressure region is not produced by the rigid and flexible LE airfoils.

F. Energy harvesting performance

In Fig. 19, we report the instantaneous power coefficient of the rigid, flexible LE and flexible

TE airfoils for k = 0.10, 0.14 and 0.18. The power coefficient is defined as:

CP =
P

1/2ρU3
∞c

(14)
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FIG. 17. Zoomed-in view of the pressure distribution and streamlines for k = 0.10 at t/T = 0.45 for (a)

rigid, (b) flexible LE and (c) flexible TE airfoils.

where P is given in Eq. (1). At k = 0.10, the effect of leading/trailing edge deformation on power

output is shown to be insignificant. For all cases, the power output has a positive sign throughout

the majority of the downstroke, and becomes negative when t/T > 0.4. As k is increased to 0.14

and 0.18, the airfoil deformation begins to have a more pronounced effect. Early in the downstroke,

the power output for all cases is shown to be negative, because the moment coefficient and pitching

velocity have a negative correlation. Significantly enhanced peak powers are generated for all

cases compared to k = 0.10, with the flexible TE and LE airfoils producing a slightly higher

maximum power than the rigid airfoil.

The energy harvesting efficiency is defined as the ratio of mean power output to the available

fluid power in the swept area of the airfoil:

η =
P

1/2ρU3
∞d

(15)

where P is the cycle-averaged power and d is the total crossflow distance swept by the airfoil. In

addition, the energy harvesting efficiency can be decomposed into contributions of heaving and

pitching motions as follows:

ηh =
Fyḣ

1/2ρU3
∞d

(16)
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FIG. 18. Pressure distribution and streamlines for k = 0.14 at t/T = 0.45 for (a) rigid, (b) flexible LE and

(c) flexible TE airfoils.

ηθ =
Mzθ̇

1/2ρU3
∞d

(17)

The total energy harvesting efficiency, and the contributions of the heaving and pitching motions

are shown in Fig. 20 as a function of reduced frequency. Note that two additional points are

included for the rigid airfoil at k = 0.12 and k = 0.16 from a previous study18. At k = 0.10, it is

shown in Fig. 20(a) that airfoil deformation at the leading and trailing edges slightly decrease the

total energy harvesting efficiency compared to the rigid airfoil. The rigid airfoil produces power

at an efficiency of 13.5%, whereas the flexible LE and TE operate at η = 12.9% and η = 12.4%,

respectively. While the contribution of heaving motion of the flexible TE airfoil is larger than the

rigid and flexible TE airfoils, its pitching contribution is slightly more negative, as shown in Fig.

20(b) and 20(c), respectively. This is consistent with the results obtained by Totpal et al.17, who

have shown that at low reduced frequencies, surface deformation decreases the energy harvesting

efficiency. As k is increased to 0.14, the total energy harvesting efficiency for the rigid and flexible

LE airfoils increase up to η = 25.1% and 25.9%, whereas the efficiency of the flexible TE airfoil

is increased to only η = 16.5%. The slow rate of increase in η with increasing k of the flexible

TE is a result of the large negative pitching efficiency that it produces, as shown in Fig. 20(c).

This is a result of the secondary vortex that is formed by the flexible TE airfoil, which generates a
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FIG. 19. Power coefficient of the rigid, flexible LE and flexible TE airfoils for (a) k = 0.10, (b) k = 0.14

and (c) k = 0.18.

relatively large negative moment while it has a large positive pitching velocity. When k is increased

to 0.18, the total efficiency for the rigid airfoil begins to slowly decrease. Although the heaving

contribution increases when k is increased, the negative pitching contribution is increased from

ηθ = −2.6% to ηθ = −6.5%. This trend of negative increase in pitching contributions at high

reduced frequencies has been reported by multiple authors in the literature16,30. Furthermore, the

flexible LE airfoil is shown to have a greater heaving contribution when compared to the rigid,

while its pitching contribution is more negative than the rigid airfoil. On the other hand, the

negative contribution of the pitching motion of flexible TE airfoil is shown to drop from ηθ =

−8.1% to ηθ = −4.9% at k = 0.14 and k = 0.18, respectively, which results in a greater overall

efficiency at k = 0.18 compared to the flexible LE airfoil. The shift to higher reduced frequency

for peak efficiency for both flexible LE and TE compared to the rigid airfoil has also been observed

by Liu et al.28

IV. CONCLUSIONS

The effects of inertia-induced deformation of the leading and trailing edges of the airfoil on

the flow physics and power extraction performance of an oscillating energy harvester were experi-

mentally studied using wind tunnel testing. Two-dimensional particle image velocimetry measure-

ments were conducted at reduced frequencies of k = 0.10, 0.14 and 0.18, with pitching and heaving

amplitudes fixed at θ0 = 75◦ and h0 = 0.6c, respectively. The velocity data from the particle image

velocimetry measurements were used to analyze the dynamics of the leading edge vortex, as well
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FIG. 20. (a) Total energy harvesting efficiency, (b)heaving contribution and (c) pitching contribution versus

reduced frequency.

as to calculate force and pitching moment using the vortex-impulse theory.

The results show that the evolution of the leading edge vortex is altered by using a deforming

airfoil surface. The timing of the leading edge vortex inception was shown to be slightly shifted to

earlier times during the oscillation cycle, thereby slightly shifting the force peaks to earlier times

relative to the rigid airfoil. The deforming leading edge directly influences the initiation of the

leading edge vortex by altering the flow conditions at the airfoil leading edge tip. On the other

hand, the deforming trailing edge is believed to increase the effective camber of the airfoil, which

also alters the flow at the leading edge. It is argued that for both cases, the vorticity flux from

the leading edge is increased as a result of the enhanced flow at the leading edge of the airfoil.

In addition, it was shown that the inception time of the leading edge vortex for both the rigid and

flexible leading edge airfoils coincides with the time at which the non-dimensional shear layer

velocity reaches a value of approximately 0.5. Furthermore, the time-history of the leading edge

vortex was analyzed. The results show that deformation at the leading edge of the airfoil enhances

the growth rate and maximum strength of the LEV at k = 0.10 and k = 0.14 compared to the rigid

and flexible trailing edge airfoils, while for k = 0.18, the LEV circulation for all three cases is

essentially identical. For both the flexible leading edge and rigid airfoils, the trailing edge shear

layer was observed to roll-up into a large trailing edge vortex at k = 0.10, which is responsible for

cutting-off the vorticity supply from the shear layer to the leading edge vortex, in a mechanism

known in the literature as bluff-body vortex detachment. Conversely, the motion of the flexible

trailing edge suppresses the formation of the trailing edge vortex, and the leading edge vortex is

believed to be detached from its shear layer via the boundary layer eruption mechanism. When
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k > 0.10, none of the airfoils generate a trailing edge vortex, and the boundary layer eruption

mechanism is proposed to be responsible for cutting off the vorticity supply to the leading edge

vortex.

The instantaneous power output and energy harvesting efficiency of the deforming leading

and trailing edge airfoils were compared with the rigid airfoil. At k = 0.10, no performance

enhancement was observed by the flexible leading and trailing edge airfoils compared to the rigid

airfoil. However, they are shown to be more effective at k = 0.18, where the energy harvesting

efficiency was shown to increase to 30% and 28%, respectively, compared to the 24% efficiency of

the rigid airfoil. The rigid airfoil efficiency is shown to peak at k = 0.14, whereas both deforming

airfoils peak at k = 0.18, agreeing quite well with results reported in the literature.

The results of this study experimentally validate the feasibility of using deforming airfoil sur-

face to enhance the performance of oscillating energy harvesters. Future work will be conducted

at larger reduced frequencies to determine the optimal operating reduced frequency of the flexible

leading and trailing edge airfoils.
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